Introduction {#S0001}
============

Melanoma is one of the most aggressive cancer with high mortality rates and increasing incidences, which poses a severe threat to human health worldwide.[@CIT0001] The etiology and pathogenesis of melanoma, which is still unclear, may involve in many factors such as environment, genetic and immunity dysregulation.[@CIT0002]--[@CIT0004] More recently, the vital role of inflammatory microenvironment in development of melanoma has been elucidated.[@CIT0004] Immunotherapeutic approaches are considered to have a good curative effect for melanoma patients.[@CIT0004] The development of targeted immunotherapy has led to great advances in the therapy of melanoma.[@CIT0004],[@CIT0005]

One among the immunotherapeutic strategy was immune checkpoint blockade, which aimed at recovering the restrained function of T cells.[@CIT0006] The immune checkpoint GITR is a member of the TNF-receptor superfamily that highly expressed on activated T cells and plays a crucial role in the differentiation and function of Treg cells.[@CIT0007] It is reported that modulation of GITR showed compelling anti-tumor activity in vivo.[@CIT0008]--[@CIT0011] In humanized mouse melanoma model, anti-GITR agonist showed potent antitumor efficacy via Treg depletion in tumors and reversal of CD8^+^ T cell exhaustion.[@CIT0008] In-human Phase I trial demonstrates that, TRX518, a humanized agonist anti-human GITR monoclonal antibody, enables immune attack on tumors and overcomes the resistance of advanced tumors, particularly when combined with PD-1 blockade.[@CIT0009] Compared with anti-GITR monotherapy, combined anti-GITR and anti-PD-1 therapy can have better effects without resistance to immunotherapy in melanoma.[@CIT0012]

Abnormal expression of GITR is detected in cancer.[@CIT0013]--[@CIT0015] GITR expression level on the surface of CD8^+^ T cells is elevated in melanoma mouse model.[@CIT0016] The proportion of GITR^+^ T cells in tumor-infiltrating leukocytes of primary melanoma is significantly lower compared with those of metastases melanoma.[@CIT0017] Epigenetic modification, such as DNA methylation, is involved in mechanisms regulating GITR expression, which may cause altered GITR expression in cancer patients.[@CIT0015] The post-translational control of GITR protein level is unclear.

Ubiquitination is one of the most common pathway that modulates protein proteolysis. Ubiquitination is implicated in the pathogenesis of cancer via regulating oncogenes, tumor suppressor genes and immune-related genes.[@CIT0018]--[@CIT0020] Studies on ubiquitination in melanoma provide novel therapeutic targets for cancer. Inhibition of ubiquitin-protease system appears to have efficacy in advanced melanoma.[@CIT0021] Using ubiquitination site predictor UbiProber,[@CIT0022] we identified potential ubiquitinated lysine residues in the protein sequence of GITR, which suggests that protein expression of GITR may be regulated by ubiquitin-proteasome pathway. Using an integrated bioinformatics platform UbiBrowser,[@CIT0023] we identified neural precursor cell expressed, developmentally down-regulated 4 (NEDD4) to be potential E3 ligase related with GITR.

In the present study, we aim to explore whether ubiquitination is involved in post-translational regulation of GITR and the effect of NEDD4 on GITR protein level in melanoma. We found that E3 ligase NEDD4 down-regulates GITR via ubiquitination and is capable to promote the proliferation of melanoma cells by inhibiting anti-tumor immune response mediated by T cells. Overexpression of NEDD4 is detected in metastasis melanoma and is associated with the prognosis of patients. Our results identified a novel mechanism regulating GITR expression and indicated that NEDD4 played an important role in melanoma pathogenesis.

Methods {#S0002}
=======

Cell Culture and Transfection {#S0002-S2001}
-----------------------------

The human melanoma cell line A375 and Jurkat cells were purchased from ATCC. Jurkat cells were cultured in RPMI-1640 medium (Gibco) containing 10% fetal bovine serum (FBS, Gibco) at 37°C supplemented with 5% CO~2~. Cells were treated with 10 mM proteasome inhibitor MG132 (Sigma-Aldrich) or 10 mg/mL cycloheximide (CHX, Sigma-Aldrich) as indicated. Transfection of Jurkat cells was performed with 6 μg indicated plasmid by ECM 2001 Electro Cell Manipulator (BTX) using BTXPress High Performance Electroporation Solution (BTX) according to the manufacturer's protocol. The transfected cells were transferred into RPMI-1640 medium with 10% FBS and collected for future study 48 hrs later. The mammalian expression constructs used for overexpression of indicated genes include Flag-NEDD4, Flag-GITR and HA-Ubiquitin. NEDD4 siRNAs and negative control siRNAs were purchased from Thermo Fisher Scientific. A375 cells were grown in DMEM medium (Gibco) containing 10% FBS at 37°C supplemented with 5% CO~2~.

Immunoprecipitation and Immunoblotting {#S0002-S2002}
--------------------------------------

Cells were washed by cold PBS and lysed by RIPA buffer containing 1% PMSF on ice. Centrifugation was performed and insoluble material was precipitated and discarded. Protein concentration was detected by BCA Protein Assay (Thermo Scientific). For immunoprecipitation, lysates containing equal amounts of protein were pre-cleared with Dynabeads Protein A/G (Life Technologies) and then incubated with indicated antibodies at 4°C overnight with rotation. The immunoprecipitates were then incubated with Dynabeads Protein A/G at room temperature for 2 hrs with rotation. Magnet was used to separate the beads. After washing several times with TBS, the beads were resuspended with SDS loading buffer and heated at 100°C for 5 mins. The beads were then subjected to immunoblotting with indicated antibodies. For immunoblotting, proteins were separated by 10% Bis-Tris SDS-PAGE gels and transferred to polyvinylidene difluoride (PVDF) membranes. Membranes were blocked with 5% non-fat milk in TBST buffer for 1 hr at room temperature and then probed with indicated primary antibodies at 4°C overnight. The membranes were washed three times with TBST buffer and incubated with HRP-conjugated secondary antibodies at room temperature for 1 hr. After washing for three times with TBST buffer, the membranes were developed and analyzed using chemiluminescence detection reagents (Advansta). Quantification was performed using Image J software. The load of target genes was normalized to β-actin. Antibodies used in this study were as follows: NEDD4 (Santa Cruz), GITR (Santa Cruz), Ubiquitin (Cell Signaling), Foxp3 (SAB), β-actin (Bioworld), anti-mouse-HRP (Santa Cruz), anti-rabbit -HRP (Santa Cruz).

RNA Extraction and Real-Time PCR {#S0002-S2003}
--------------------------------

Total RNA was isolated using the TRIZOL reagent (Life Technologies). RNA was reverse-transcribed into cDNA using the TRUE Script 1st stand cDNA synthesis kit (Aidlab). Real-time PCR amplification of reversed cDNA was carried out with SYBR Green qPCR mix (Aidlab). All PCR reactions were performed in triplicate. Threshold cycle (Ct) values were used to calculate relative mRNA expression by the Ct relative quantification method. Primer sequences were: NEDD4: forward 5ʹ-TTGCAGCAACAACAAGAACC-3ʹ and reverse 5ʹ-TAGGTTGTCCTGAGGGGTTG-3ʹ; GITR: forward 5ʹ-GGTACAGTCCCAGGGGAAAT-3ʹ and reverse 5ʹ-GGTGCAGTCTGTCCAAGGTT-3ʹ; Foxp3: forward 5ʹ-CTTTCACCTACGCCACGCTCAT-3ʹ and reverse 5ʹ-TCCAGGTGGCAGGATGGTTTCT-3ʹ; IL-2: forward 5ʹ-CCAAACTCACCAGGATGCTCAC-3ʹ and reverse 5ʹ-CGTTGATATTGCTGATTAAGTCCCT-3ʹ; β-actin: forward 5ʹ-TCATCACCATTGGCAATGAGCG3ʹ and reverse 5ʹ-AGGTCTTTGCGGATGTCCACGT-3ʹ.

Co-Culture of Jurkat and Melanoma Cells {#S0002-S2004}
---------------------------------------

To perform the co-culture of Jurkat and melanoma cells, A375 cells were seeded in 96-well plate at a density of 1×10^4^/well. After grown for 24 hrs in DMEM medium containing 10% FBS, the culture medium was discarded and cells were washed. Jurkat cell﻿ were isolated, pre-activated and transfected as indicated and resuspended in RPMI-1640 medium containing 1% FBS at a concentration of 1×10^6^/mL and 100μL suspension was added into each A375 cells-precoated plate. A375 and Jurkat cells were co-cultured at 37°C supplemented with 5% CO~2~ for indicated time. After co-culture, cells in suspension were discarded and adherent cells were washed and collected. A375 cells that single cultured are kept as controls. Cell viability of A375 cells was detected by MTT assay.

Cell Viability Assay {#S0002-S2005}
--------------------

To assess the cell viability of A375 cells after co-culture with Jurkat, cell survival rate was detected by MTT Assay Kit (Beyotime Biotechnology) according to the manufacturer's instructions. The absorbance was determined at 570 nm with microplate reader (Tecan). Three independent experiments were conducted and all MTT assays were performed in triplicate.

Analysis of TCGA Data {#S0002-S2006}
---------------------

The expression profiles and clinical data for melanoma were downloaded from TCGA ([<https://cancergenome.nih.gov/>]{.ul}). We obtained melanoma mRNA RNA-Seq-HTSeq-fragments per kilobase of exon model per million mapped reads (FPKM) data from TCGA database to analyze the expression of NEDD4. The FPKM data were standardized using trans per million (TPM) for a better comparison. An unpaired *t* test was performed to determine the difference between NEDD4 in primary and metastasis melanoma. The melanoma survival data in TCGA, including overall survival (OS) and disease-free survival (DFS), were obtained from cBioPortal for Cancer Genomics database.[@CIT0024],[@CIT0025] We conducted Kaplan--Meier survival analysis according to the expression of NEDD4.

Statistical Analyses {#S0002-S2007}
--------------------

Statistical analysis of comparisons between two groups was performed with unpaired *T* test. Multiple comparisons were analyzed by one-way analysis of variance. Data was presented as an average of at least three independent experiments. Continuous variables were expressed as mean ± SD. A value of *p*\<0.05 was considered statistically significant. All of the data were analyzed by SPSS version 22.0 software (IBM).

Results {#S0003}
=======

Ubiquitin-Proteasome Pathway Regulates Protein Expression of GITR {#S0003-S2001}
-----------------------------------------------------------------

To explore the post-translational modifications of GITR, we first determined the protein level of GITR after the treatment of proteasome inhibitor MG132 or protein synthesis inhibitor cycloheximide (CHX) in Jurkat cells. As shown in [Figure 1A](#F0001){ref-type="fig"} and [B](#F0001){ref-type="fig"}, the GITR protein level was increased after MG132 treatment and reduced after CHX treatment, suggesting that GITR is degraded by the proteasome. Jurkat cells were transfected with HA-ubiquitin plasmid. The ubiquitination level of GITR was increased and protein level was decreased 48 hrs after transfection of ubiquitin ([Figure 1C](#F0001){ref-type="fig"}). These results indicate that the degradation of GITR is via ubiquitin-proteasome pathway.Figure 1GITR is degraded via the ubiquitin--proteasome pathway. GITR protein level was detected by immunoblotting after treatment with 20 μM MG132 (**A**) or 100 ng/mL cycloheximide (CHX) (**B**) for 0, 3 or 6 hrs. (**C**) Jurkat cells were transfected with HA-ubiquitin or control plasmid. Forty-eight hours after transfection, endogenous GITR was immunoprecipitated (IP) from cell lysates with anti-GITR antibody and the immunoprecipitates were analyzed by immunoblotting (IB) with anti-HA antibody (\**p*\<0.05; n = 3).

NEDD4 Binds to GITR {#S0003-S2002}
-------------------

To explore the relationship between NEDD4 and GITR, Jurkat cells were collected, lysed and subjected to immunoprecipitation (IP) and Western blot analysis. As shown in [Figure 2A](#F0002){ref-type="fig"} and [B](#F0001){ref-type="fig"}, the IP was performed with anti-GITR or anti-NEDD4 antibody, and interaction of NEDD4 and GITR was detected. A clear association between NEDD4 and GITR can be observed.Figure 2NEDD4 binds to GITR. Jurkat cells were collected and lysates were immunoprecipitated with anti-NEDD4 (**A**) or anti-GITR (**B**) antibody followed by immunoblotting with anti-GITR or anti-NEDD4 antibody (n=3). Cell lysates were then immunoblotted with anti-NEDD4 and anti-GITR antibodies.

NEDD4 Mediates Degradation and Ubiquitination of GITR {#S0003-S2003}
-----------------------------------------------------

We explored whether NEDD4 inhibits GITR expression via ubiquitination. Jurkat cells were transfected with Flag-NEDD4 or vector plasmid. As shown in [Figure 3A](#F0003){ref-type="fig"}, GITR protein level was decreased and amount of poly-ubiquitinated GITR was increased significantly after the addition of NEDD4. Consistently, knocking down of NEDD4 by siRNA led to markedly increased GITR and impaired ubiquitination of GITR ([Figure 3B](#F0003){ref-type="fig"}). The above results suggest that NEDD4 may promote the degradation of GITR through the ubiquitination mechanism. We then tested whether NEDD4 would affect the expression of Treg marker Foxp3 and IL-2. As shown in [Figure 3A](#F0003){ref-type="fig"}, protein expression of Foxp3 was increased in NEDD4-Flag transfected cells. Loss of NEDD4 by siRNA transfection resulted in decreased protein expression of Foxp3 ([Figure 3B](#F0003){ref-type="fig"}). We observed significantly higher levels of IL-2 and Foxp3 mRNA in NEDD4-Flag transfected cells compared with control group ([Figure 3C](#F0003){ref-type="fig"} and [D](#F0003){ref-type="fig"}). The mRNA levels of IL-2 and Foxp3 were clearly decreased after NEDD4 knockdown ([Figure 3C](#F0003){ref-type="fig"} and [D](#F0003){ref-type="fig"}).Figure 3NEDD4 mediates degradation and ubiquitination of GITR. Jurkat cells were transfected with Flag-NEDD4 (**A**) or transfected with NEDD4-RNAi (**B**). Forty-eight hours after transfection, cells were collected and cell lysates were immunoblotted with NEDD4, GITR, Foxp3 and β-actin. Ubiquitination level of GITR was detected with immunoprecipitation using anti-GITR antibody followed by immunoblotting using anti-ubiquitin antibody. IL-2 (**C**) and Foxp3 (**D**) mRNA expression was measured by real time-PCR and normalized to β-actin (\**p*\<0.05; n = 3).

NEDD4 Inhibit T Cell-Mediated Immune Attack Upon Melanoma Cells {#S0003-S2004}
---------------------------------------------------------------

To confirm the inhibitory effect of T cells on the proliferation of melanoma cells, we explored the viability of A375 cells when cultured alone or together with anti-CD3 plus anti-CD28 antibodies activated Jurkat cells by MTT assay. As shown in [Figure 4A](#F0004){ref-type="fig"}, cell viability of melanoma cells was significantly decreased after 72 hrs of co-culture with activated Jurkat cells when compared with control. We then explored the potential role of NEDD4 in Jurkat cell-mediated inhibition of melanoma cell proliferation. Jurkat cells were activated with anti-CD3 plus anti-CD28 antibodies for 24 hrs and then transfected with Flag-NEDD4 or Flag-GITR or co-transfected with Flag-NEDD4 and Flag-GITR. The transfection efficiency was confirmed by RT-PCR ([Figure 4C](#F0004){ref-type="fig"}) and Western-blot ([Figure 4D](#F0004){ref-type="fig"}). Cells were then co-cultured with melanoma cell line A375 for 72 hrs. As expected, a significantly lower survival rate of A375 was observed after co-culture with Flag-GITR Jurkat cells compared with control ([Figure 4B](#F0004){ref-type="fig"}). The survival rate of A375 was significantly higher after co-culture with Flag-NEDD4 Jurkat cells compared with control, which was restored by co-transfection with Flag-NEDD4 and Flag-GITR ([Figure 4B](#F0004){ref-type="fig"}). These results indicate that NEDD4 mediated GITR degradation may lead to reduced anti-tumor effect of immune cells and increased proliferation of melanoma cells.Figure 43.4 NEDD4 inhibit T cell-mediated immune attack upon melanoma cells. (**A**) Jurkat cells activated with anti-CD3 plus anti-CD28 antibodies were co-incubated or not with A375, respectively. Survival fraction of A375 cells was detected with MTT assays (n = 3). Jurkat cells were activated with anti-CD3 plus anti-CD28 antibodies and then transfected with Flag-NEDD4 or Flag-GITR or co-transfected with Flag-NEDD4 and Flag-GITR. Forty-eight hours after transfection, cells were co-incubated with A375. (**B**) Survival fraction of A375 cells was detected with MTT assays (\**p*\<0.05; n = 3). Cells were then collected and NEDD4, GITR, IL-2 and Foxp3 mRNA expression was measured by real time-PCR and normalized to β-actin (**C**). Cell lysates were immunoblotted with NEDD4, GITR, Foxp3 and β-actin (**D**).

NEDD4 Is Highly Expressed in Metastasis Melanoma and Associated with Poor Prognosis {#S0003-S2005}
-----------------------------------------------------------------------------------

We analyzed the TCGA data for melanoma to explore the clinical significance of NEDD4 expression in melanoma patients. We first determined the expression of NEDD4 in melanoma patients. As shown in [Figure 5A](#F0005){ref-type="fig"}, NEDD4 mRNA was significantly higher in metastasis melanoma patients compared with that in primary melanoma patients. We analyzed the TCGA data for melanoma to evaluate the relationship between NEDD4 and prognosis of melanoma patients by Kaplan--Meier analysis. Patients with genetic alterations in NEDD4 expressed significantly higher gene level compared with those without alterations ([Figure 5B](#F0005){ref-type="fig"}). The Kaplan-Meier analysis results showed that alteration carriers with high NEDD4 expression tended to associate with poor overall survival ([Figure 5C](#F0005){ref-type="fig"}). Alteration carriers with higher NEDD4 expression level were significantly correlated with poor disease-free survival ([Figure 5D](#F0005){ref-type="fig"}). These results suggest that NEDD4 may function as an oncogene in melanoma.Figure 5NEDD4 expression is highly expressed in metastasis melanoma and correlated with poor prognosis of patients. Using TCGA data, NEDD4 expression in primary (PM) and metastasis (MM) melanoma was compared (**A**). Expression of NEDD4 in patients with alterations was compared to those without alterations (**B**). Kaplan--Meier curves for overall survival (**C**) or disease-free survival (**D**) of melanoma patients carrying NEDD4 mutation or not (\*\**p*\<0.01).

Discussion {#S0004}
==========

Immune checkpoint GITR is a promising drug target for immunotherapy of melanoma and plays an essential role in the pathogenesis of the disease. In this study, we explored the post-translational regulation mechanism of GITR. We found that E3 ligase NEDD4 binds to and inhibits GITR via ubiquitination to inhibit the anti-tumor effect of T cells upon melanoma cells. NEDD4 expression is increased in metastasis melanoma and is associated with shorter disease-free survival in patients.

GITR is altered in several diseases in addition of cancer and is associated with prognosis of patients.[@CIT0013]--[@CIT0015],[@CIT0026] Abnormal GITR has been reported to be a result of both genetic and epigenetic changes.[@CIT0015],[@CIT0026]--[@CIT0028] GITR polymorphisms contribute to the individual differences in the proportion of peripheral GITR^+^ cells in patients and are correlated with susceptibility and prognosis of autoimmune diseases.[@CIT0026] Previous research also revealed that altered GITR expression in tumors is partly due to epigenetic modification mechanisms, such as DNA methylation.[@CIT0015],[@CIT0027] Transcription factor methyl-CpG-binding domain Protein 4 (MBD4), which is overexpressed in Treg cells, binds to and recruits DNA methyltransferases 1 (DNMT1) to GITR promoter and inhibits its expression and functions.[@CIT0027] Interestingly, there is a relationship between genetic variants in GITR promoter and autoimmune and inflammatory diseases.[@CIT0026],[@CIT0028] It is possible that GITR promoter polymorphism may affect the binding of DNMT1, thus result in dysregulation of GITR expression in patients. In this study, we found that E3 ligase NEDD4 binds to GITR and mediates its ubiquitination and degradation.

In our study, we found that NEDD4 induces degradation of GITR via ubiquitin-proteasome pathway. NEDD4 is an E3 ubiquitin-protein ligase that participants in the founding of the homologous to E6-AP carboxyl terminus (HECT)-type E3 ligases family. It mainly mediates ubiquitination and degradation of membrane proteins. NEDD4 promotes growth and inhibits apoptosis of tumor cells.[@CIT0029] Repression of NEDD4 results in reversion of epithelial--mesenchymal transition (EMT) features, which suggest that NEDD4 is an oncogene and could serve as an attracting drug target in cancer.[@CIT0030] Several studies found that the treatment of NEDD4 inhibitors leads to the upregulation of tumor suppressor PTEN and impaired melanoma cell proliferation.[@CIT0031],[@CIT0032] However, the precise role of NEDD4 in the development of melanoma has not been fully investigated. Clinical benefit after GITR agonist treatment is documented to be correlated with tumor microenvironment containing high ratio of Treg cells.[@CIT0008] GITR upregulates the NF-κB family member p50 to inhibit Foxp3 via regulation of its histone acetylation status, which subverts the induction of Foxp3^+^ Tregs.[@CIT0033] According to our results, Jurkat cells that overexpressed NEDD4 displayed reduced anti-tumor effect on A375 cells, with increased Foxp3 and IL-2. Therefore, it is reasonable to speculate that NEDD4 may activate tumor-suppressive Treg cells via mediating GITR degradation, thus contributing to melanoma progression.

Prognosis of advanced melanoma patients is far from satisfactory, which makes it very meaningful to identify novel biomarkers that predict early recurrence or distant organ metastasis of the disease.[@CIT0034] GITR expression in metastasis tumor is significantly higher than in primary tumor.[@CIT0014] Tang C et al[@CIT0035] found that after Ipilimumab treatment combined with radiotherapy, melanoma patients who achieved markedly clinical benefit exhibited significant increases in the GITR expressing T cells count compared to those who did not. These results indicate that GITR may be a potential biomarker for diagnostic and immunotherapy of tumors. We found that NEDD4 is highly expressed in metastatic melanoma and is associated with poor survival of melanoma patients, which provides NEDD4 as a potential biomarker for diagnosis and prognosis of melanoma.

In conclusion, we identified E3 ligase NEDD4 as a new negative regulator that involved in post-translational modifications of GITR. It mediates ubiquitination and degradation of GITR and suppresses T cell mediated-killings on melanoma cells. NEDD4 is highly expressed in metastasis melanoma and associated with poor prognosis of patients. Hence, NEDD4 may be a potential drug target and valuable prognosis indicator for melanoma patients.
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